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The aim of this study was to investigate the Coefficient of Thermal Expansion (CTE) of anodic films on 7175
T7351 aluminium alloy and to evaluate the influence of the film characteristics on this value. In particular,
effects of porosity and post-treatments, such as coloring and sealing, were studied. Beam bending analysis
was used as the experimental method and a numerical finite element model was developed to verify
theoretical relationships hypotheses. In particular, the errors induced by the use of theoretical relationships
between the curvature of the sample and stresses in the film were not negligible. A relation based on a finite
element model was then developed and used to calculate stresses. The experimental value of CTE obtained by
beam bending test was then validated by comparing the experimental cracking temperature of anodic films
with a theoretical value directly depending on the previously determined CTE.
The CTE of anodic films was found to be 13.0±1.0 10−6 K−1 independent from the porosity of the films and
from the post-treatment (inorganic coloring and sealing).
1. Introduction
Anodic films are processed on light alloys to obtain specific superficial
characteristics. Actually, the growth of oxide films increases for example
the surface hardness, [1] the corrosion resistance [2] or the wear
resistance [3]. Post-treatments of the coating are available either to add
specific properties or to improve existing ones.
For instance, the coloring of anodic films constitutes a potential
post-treatment. It can be realized by electrolytic process [4–6] or by
impregnation of organic [7] or inorganic [8–11] dyes inside its pores.
This treatment is often processed for esthetic purpose [12] but
sometimes also to provide specific thermo-optical properties [9–11].
A second example of post-treatment is sealing. The simplest
method is an immersion in boiling water. The hydration of the
aluminium oxide results in a volume expansion of the film and closes
the pores [13]. Additives in the sealing bath are sometimes used to
increase the efficiency of the treatment. For example, an additional
precipitation of protective nickel hydroxide on the film is obtained by
introduction of nickel acetates in the bath [14,15]. The sealing can be
processed on a non-colored film; its corrosion resistance is then
enhanced. But it can also be realized on a colored film to maintain and
protect dyes from the external environment [16].
The differential thermal dilatations between the substrate and the
film can lead to the crazing of the film when thermally loaded [17].
Coefficient of Thermal Expansion (CTE) of bulk materials is easily
measured by dilatometry and is known for a large range of materials.
Nevertheless, thin films are much more difficult to characterize. For
aluminium alloys, it is reported in the literature that the CTE of anodic
films measured by dilatometry is about 5×10−6 K−1 [18]. Even if details
on the experimental method employed to determine this value are not
available, it has been used in numerous publications [17,19,20].
Nevertheless, more recently, Zhou et al. [21] used X-ray diffraction to
evaluate the CTE of anodic films under partially crystallized powder form
(no influence of the substrate). They found a value of 14.1×10−6 K−1 and
explained the difference from previous results by the impact of residual
stresses on the CTE when the substrate is present.
In this context, the present study aims to determine the CTE of
anodic films still supported on a 7XXX aluminium alloy. Because it
was previously shown that these films are in fact amorphous [22],
measurements have been performed using the curvature technique.
Under thermal loading, the deformation mismatch of a coating on a
thin substrate (approximately ten times thicker than coating) induces
a curvature of the sample. The measurement of this curvature allows
the calculation of film stresses which are related to the coefficients of
thermal expansion of both film and substrate. Knowing the CTE of the
substrate, the CTE of the film can then be evaluated.
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A numerical finite element model has been developed to discuss the
relationshipbetweenfilm stresses and curvature on theonehand, and the
relationship between film stresses and temperature on the other hand.
Validation of the CTE was carried out by comparing the predicted
cracking temperature with experimental results in the case of anodic
films without any post-treatment. Finally, the influence of post-
treatments (such as coloring and sealing) on this property was
investigated, which has never been studied before to our knowledge.
2. Experimental methods
2.1. Material and samples geometry
The aluminium substrate was an AA7175 T7351 often used in the
space industry. Its Young's modulus is known to be Es=
72 GPa, its Poisson's ratio νs=0.33 and its CTE αs=23.6 10−6 K−1 [23].
The size of the samples before any surface treatments was
40 mm×20mm×200 μm. To obtain this thickness, a rolled aluminium
sheet of 7 mmwas milled until 3 mm. The thickness of 200 μmwas then
obtainedbymechanical polishing. Thefinal stepof thepolishingwasdone
with a ¼μm diamond powder. The planarity of the sample was verified
with aprofilometer at this step. These sampleswere thenanodizedonone
side according to the following process.
2.2. The black anodizing process
The black anodizing process used followed the ESA standard [24]
for spacecraft design. It consists of four main steps: pretreatments,
anodizing, inorganic coloring and sealing.
The aluminium sheets were degreased with ethanol, etched in an
aqueous mixed solution of Na2CO3/Na3PO4 for 5 min at 93 °C and
neutralized 3 min at room temperature in HNO3 (50 %v/v). The
samples were rinsed with distilled water at the end of each step.
The anodizing parameters were extensively studied elsewhere
[10,15,25] in order to obtain a thickness (20±3 μm) meeting the ESA
requirements [24]. Samples were anodized during 60 min in a sulphufic
acid bath (150 g/L) with a current density of 1.25 A/dm². A thermo-
regulated cell was used in the present study, while the manufacturers
usually leave the electrolyte at room temperature. The temperature was
set here at 5 °C, 10 °C, 15 °C or 20 °C to adjust the initial porosity at 10%,
20%, 30% or 40% respectively. To evaluate the porosity, the surface of the
anodic films was observed using Field Emission Gun-Scanning Electron
Microscopy (FEG-SEM JEOL JSM 6700F) and the resulting images were
analysed with the free software ImageJ. The ratio between the pore areas
and the total surface area analysed was taken to be the porosity of the
anodic film, i.e. the porosity was considered homogeneous through the
whole thickness of the anodic film [15].
The anodized parts were colored by immersion in two different
baths. Firstly a solution of cobalt acetate (200 g/L) at 43 °Cwas used to
fill in the pores for 15 min. Secondly, an immersion in ammonium
sulphide (30 g/L) at room temperature for 10 min resulted in the
precipitation of black dyes (CoS) in the pores. Whatever the initial
porosity, the dyes were mainly present at the surface of the film [15].
The next step was to seal the parts in an aqueous solution of nickel
acetate (5 g/L) and boric acid (5 g/L) at 98±2 °C. The hydration of the
oxide is used to close pores and protect dyes. Finally, the samples
were carefully rinsed using deionized water.
2.3. Mechanical characteristics of the films
The Young's modulus of uncolored and unsealed films is
homogenous and directly linked to the porosity (p) through Wang's
law [15]: E=E0 exp (−(bp+cp2)) with (E0=86.2 GPa; b=0.2;
c=2.48).The coloring and sealing steps generate a decrease of this
modulus only at the surface of the film resulting in a gradient of
modulus across the thickness [15].
Different values of Poisson's ratio have been used for anodic films:
for example 0.24 by Zhou et al. [21], or 0.25 by Nelson and Oriani [26].
In this study we have chosen νf=0.28 [27]; the choice of this value
has a negligible effect on the calculated values that follow. In addition,
the increase of porosity may have no impact on this Poisson's ratio as
it has been observed on α alumina [28].
2.4. Relationships between the stresses in the film and the curvature of
the sample
When the ratio between the thickness of the substrate (ts) and the
thickness of the film (tf) is low enough, the presence of stresses in the
film generates a curvature of the sample. Stoney [29] proposed a
relationship (1) to link the stresses in the film (σf) to the radius of
curvature (R) of the sample.
σf =
Est
2
s
6Rtf
ð1Þ
The relationship uses the Young's modulus of the substrate Es.
Campbell [30] integrated the Poisson‘s ratio of the substrate νs in the
equation and proposed the following relationship (2).
σf =
Est
2
s
6R 1−νsð Þtf
ð2Þ
More recently, Yan [31] proposed a relationship (3) to take into
account a difference of Young's modulus between the film (Ef) and the
substrate (Es):
σf =
Ef tf
6R 1−νf
  1 + 4γβ + 6γ
2β + 4γ3β + γ4β2
1 + γð Þ 1 + γβð Þ γ =
ts
tf
β =
Es 1−νf
 
Ef 1−νsð Þ
ð3Þ
In these three equations, the stresses are assumed to be
homogeneous in the film and the thickness of the film is considered
to be much lower than that of the substrate. It can also be noted that
other relationships have been developed to take into account the
anisotropy of the film for example [32]. However, due to the spongy
morphology of anodic films in the present case [10], isotropic
behavior has been assumed in the following study.
2.5. Evaluation of the coefficient of thermal expansion of the film (CTE)
The curvature of thin samples was evaluated with a profilometer
«Mahr Perthometer». It was first verified that the contact strength
between the probe and the sample does not modify the curvature
significantly. At room temperature, the curvature measured is represen-
tative of residual stresses in the film, due to the process. The sample was
then warmed with a heating stage until 100 °C with heating/cooling rate
of 10 °C/min. The temperaturewasmonitored by a thermocouple directly
on the surface of the sample. Differential dilatations between the film and
the substrate generate additional stresses in the film and modify the
curvature. By measuring the curvature at different temperatures, an
experimental relationship between the stresses in the film (σf) and the
temperature (θ) is obtained.
Using the theoretical Eq. (4) [21,33], the unknown coefficient of
thermal expansion of the film (αf) can be determined by simply
evaluating the slope of the experimental curve obtained.
Δσf =
Es
1−νsð Þ
αs−αf
 
m + 1n
Δθ with m ¼ tf
ts
and n ¼
Ef
1−νf
Es
1−νs
ð4Þ
Variations of the Young's modulus with the temperature are here
neglected [34], and the film thickness is also assumed to be much
lower than that of the substrate.
2.6. Numerical model
A finite element model was used to verify the validity of the
previous Eqs. (1–3: Stress vs. Curvature; 4: Stress vs. Temperature)
when the ratio of thickness ts/tf is about ten as obtained on the
samples of the present study. A 2D-model, composed of a thin film on
its substrate, was developed for each sample studied. The geometry of
the model and the material properties (especially the film modulus)
were modified to adjust them to the different samples. The only
unknown parameter is the CTE of the film. The software SAMCEF was
used to perform isotropic thermo-elastic calculations with 2-dimen-
sional plane strain hypotheses.
Thermal loadings were applied uniformly and constantly. The
stresses in the film (σf) and the curvature (R) of the numerical model
were analyzed.
First, a finite element law σf=f (R) was obtained for each sample
geometry and compared with the theoretical relationships 2 (Camp-
bell) and 3 (Yan).
Secondly, a finite element law σf=f (θ) was obtained and
compared to Eq. (4).
2.7. Validation of CTE measurements
Values of CTE have been validated by comparing the theoretical
cracking temperature to the experimental results. Actually, according
to Eq. (4), cracking temperature (θ critical) is directly dependent on the
film CTE and films properties (5).
σm−σresidual =
Es
1−νs
αs−αf
 
m + 1n
θcritical−θambientð Þ ð5Þ
The cracking stress σcrackingapplied is defined as the tensile stress leading
to crack initiation (6) and is the difference between the failure tensile
stress (σm) and residual stress (σresidual) of the film.
σappliedcracking = σm−σresidual ð6Þ
This cracking stress was evaluated by four-point bending moni-
tored by acoustic emission (Fig. 1). The anodic film is then placed
under uniform tensile stresses. The cracking load (Fc) of the film is
detected by acoustic emission. The detection threshold was fixed at
50 dB and we verified that this detected signal was only due to the
film damage. Actually, tests with samples without anodizing treat-
ment were performed to verify that acoustic emissions due to plastic
deformations are totally filtered with this threshold. By assuming that
strains of the films are imposed by the substrate (no sliding) and that
the film is purely elastic, the applied cracking stress can be calculated
(7) as a function of the critical load applied (Fc):
σm−σresidual = Ef
Fcah
4IsEs
ð7Þ
Is is the quadratic moment of the substrate, while a and h are
sample dimensions as defined on Fig. 1.
By combining 5 and 7 this critical temperature can be expressed
(8) as a function of Fc (obtained by four-point bending) and αf.
θtheoreticalcritical =
Ef
Fcah
4EsIs
Es
1−νs
αs−αfð Þ
m + 1n
+ θambient with m ¼
tf
ts
and n =
Ef
1−νf
Es
1−νs
ð8Þ
An experimental value of the critical temperature leading to cracks
initiation was obtained by observation of a sample heated (Philips
FP6752, 1000 °C Heating Stage System) inside a Scanning Electron
Microscope (Philips XL30 ESEM). The thickness of the substrate was
here 1 mm to avoid bending of the sample. The heating rate was
10 °C/min and the temperature was controlled with a thermocouple
placed under the sample.
A validation of the CTE was thus obtained by comparing the
experimental and the theoretical values of the cracking temperatures.
3. Results and discussion
3.1. Hypotheses validation
3.1.1. Film stresses vs. curvature
In the relationships of Campbell and Yan the stress in the film is
directly proportional to the curvature (1/R) of a thin sample. The use of
the numerical model confirms this tendency. A linear relationship
between the stress and the curvature (linear regression R²=1) was also
obtained by applying different thermal loadings to samples. Thus, a new
“Finite Element Model (FEM) relationship” can be written as (9):
σf =
K Es; Ef ; ts; tf
 
R
ð9Þ
This relationship is adapted to the geometry of the considered
sample. When Ef=Es and ts/tfN30 the results obtained by the three
relationships are very close. Nevertheless, as seen on Fig. 2 differences
appear when the thickness ratio decreases (ts/tf=10 for Fig. 2). In
such a case, the curvature of the sample induces a partial release of the
film stresses which is underestimated in Campbell and Yan laws. It is
also confirmed on Fig. 2 that the choice of the film CTE has no impact
on the FEM relationship. Actually, the relationship between stress in
the film and curvature does not depend on the loading mode.
Samples of the present study have a thickness ratio about 10, so the
FEM relationship seems better adapted to our experimental technique.
3.1.2. Film stresses vs. temperature
Eq. (4) gives the stresses in the film due to the differential thermal
dilatations. Nevertheless, one of the hypotheses of this equation is also
that the film is considered much thinner than the substrate. In order
to verify the validity of the relationship, thermo-mechanical calcula-
tions were performed and an error was defined by the Eq. (10):
Error =
σrelation4−σFEM
σFEM
ð10Þ
Fig. 1. Diagram of the four-point bending test monitored by acoustic emission.
The evolution of the error as a function of the thickness ratio (for
Ef=50 GPa and T=80 °C) can be observed on Fig. 3. Error is lower
than 7% and decreases when the ratio increases. When the thickness
ratio is ten, the error is lower than 10% for the conditions met in
experimental techniques (a temperature range of 20 °C/100 °C and a
Young's modulus of the film lower than 80 GPa). Eq. (4) will thus be
used later in this study assuming that this error is acceptable.
3.2. Films not colored and not sealed
3.2.1. Beam bending measurements of CTE
The CTE has first been studied in the case of anodic films not
colored and not sealed. Fig. 4 shows the evolution of the curvatures of
thin samples with changes of temperature. The porosity of the film is
30% in this example. The curves presented on Fig. 5 are then obtained
by using the three relationships compared previously. It can be
observed that compressive residual stresses become tensile when the
temperature increases. The behavior of samples was identical during
the heating and the cooling phases. The slope of each curve was
measured and the Eq. (4) allowed identifying the CTE of the film.
Campbell and Yan relationships lead respectively to values
αfCampbell=6.5±1.0 10−6 K−1 and αfYan=4.0±1.0 10−6 K−1. Those
values are close to 5.10−6 K−1 often used in the literature [18–20].
However, the FEM relationship, better adapted to the geometry of
samples, results in a coefficient of thermal expansion of the film
αfFEM=13.0±1.0 10−6 K−1. This value is close to the one determined
recently by Zhou et al. [21] (14.1 10−6 K−1).
Table 1 summarises αfFEM values determined for anodic films
before coloring and sealing as a function of their porosity. Each time, a
numerical model with the geometry and a film modulus
corresponding to the tested sample was developed to obtain the
proportionality coefficient between stresses in the film and curvature
(K(Es, Ef, ts, tf)).
Thus the coefficient of thermal expansion is independent of the
porosity of the film and its average value is αf=13.0 10−6 K−1.
3.2.2. Validation of the CTE
Cracking temperature measurements were performed to validate
the CTE of anodic film determined previously. The critical strength has
been measured during the four-point bending test for anodic films
with different porosities (Fig. 6). Knowing these values, the
theoretical temperature of cracking (Relation 8) of each sample is
only dependent on one unknown parameter: the CTE of the film.
The cracking temperature was then evaluated by heating in an
electronic microscope. For example, we can evaluate the cracking
temperature of an anodic film 20% of porosity at 270±10 °C (Fig. 7).
The comparison between the theoretical and experimental
cracking temperatures is presented on Fig. 8. Whatever the porosity,
these measures confirm that the CTE is about 13.10−6 K−1. A value of
5.10−6 K−1 would have led to cracking temperatures nearly half as
much. This validates the experimental beam bending analysis used.
3.3. Films colored and not sealed
3.3.1. Influence of the gradient of modulus on the film stress state
Before the coloring step, we proved in a previous study [15] that
the composition and the mechanical properties (especially the young
modulus) of films are homogenous with the thickness. However, once
colored, dyes are mainly located at the top of the film, generating a
gradient of Young's modulus [15] and potentially of internal stresses.
The previous calculations of Section 3.1.1 were made with a
uniform averaged modulus. Actually, the curvature method only gives
information on the average stress in the film. A numerical model with
a gradient of modulus was realized and its behavior seems very close
to the model with a uniform modulus (Fig. 9). Thus, the FEM
relationship is not significantly affected by the modulus gradient of
Fig. 2. Comparison between Campbell's law, Yan's law and the relationship obtained
with the finite element model for a thickness ratio (substrate/film) of ten.
Fig. 3. Evolution of the error between Eq. (4) and results obtained by the numerical
model as a function of the thickness ratio (Ef=50 GPa, T=80 °C and αf=5.10−6 K−1).
Fig. 4. Evolution of the profile of a thin sample with temperature variations (anodic film
not colored and not sealed with a porosity of 30%).
Fig. 5. Stresses in the film as a function of the temperature calculated with the three
different laws (anodic film not colored and not sealed with a porosity of 30%).
the studied samples and the previous model with uniform modulus
will be used in the following.
3.3.2. Beam bending measurement of the CTE
Curvature measurements at room temperature show positive
residual stress after coloring of the anodic film. The evolution of film
stress was identical again during heating and cooling. Table 1 shows
that this coloring does not modify the CTE of the film. Measurements
were not possible at 40% of initial porosity because films were crazed
after the coloring step [15] and internal stresses were thus partially
released.
3.4. Films colored and sealed
As seen previously, the curvature after cooling is the same as
before heating for samples not sealed (colored or not). In this case, the
test has no influence on the stresses in the film at room temperature.
On the contrary, samples colored and sealed have an initial
compressive residual stress while the stress after heating and cooling
is positive (Fig. 10). The initial compressive stresses are due to the
volume expansion generated by the hydration of the film during the
sealing step. Dehydration occurs around 100 °C and a release of these
hydration stresses is observed. During the cooling the behavior of the
film becomes equivalent as the one of films colored but not sealed.
Fig. 10 presents the case of a film with 10% of initial porosity but same
observations were done for 20% of porosity. Cracks were present in
sealed films with higher porosities thus the evaluation of stresses was
not possible.
The slopes during heating and cooling are comparable (for
temperatures lower than 80 °C) thus the CTE of the film is not
significantly modified by the sealing step.
4. Conclusion
The aim of this study was to investigate anodic films CTE and to
observe the influence of the porosity—an important film characteristic
Table 1
Evolution of the CTE of anodic films before and after coloring as a function of their
porosity.
Porosity 10% 20% 30% 40%
αfFEM (10−6 K−1)
before coloring
13.4±1.0 12.9±1.0 13.0±1.0 12.2±1.0
αfFEM (10−6 K−1)
after coloring
14.9±3.0 10.3±3.0 16.2±3.0 Not
measurable
Fig. 6. Detection of acoustic signals during four-point bending test in the case of anodic
films with different initial porosities.
Fig. 7. SEM surface observation of anodic films (20% of porosity) at different temperatures (a: 20 °C; b: 260 °C; c: 270 °C and d: 300 °C).
—on this value. In addition, effects of post-treatments such as coloring
and sealing were also studied.
Beam bending analysis was developed as the experimental
method to evaluate the CTE of anodic films. In particular, the validity
of theoretical relationships was verified using a Finite Element Model
whose geometry is representative of experimental samples. It was
thus shown that theoretical relationships between stress in the film
and curvature sample that were found in the literature, were not valid
for the present study and a new relationship was established using
this numerical model. The validity of the CTE values obtained, and
thus of the measurement method used, was confirmed by measuring
the cracking temperature of anodic films and comparing it with the
theory.
The coloring step has been proved to have no influence on the CTE
of anodic films. Until this step, no influence of an eventual
dehydration on the mechanical behavior is observed. On the contrary,
the compressive internal stresses induced during the sealing step are
released when the film is heated. From a purely mechanical point of
view, the hydration of the film is thus a reversible phenomenon. CTE
values are not affected by the sealing step.
The CTE of anodic films realized on 7175 T7351 was evaluated to be
13.0±1.0 10−6 K−1. In addition, it has been shown that this value is
independent of the porosity of the film. This result is in contradiction
with several authors [18–20] who used a value of 5 10−6 K−1 but
close to investigations realized by Zhou [21] who concluded a CTE of 14.1
10−6 K−1.
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Fig. 8. Experimental and theoretical cracking temperatures of anodic films with
different porosities.
Fig. 9. Relationship between average stress in the film and curvature of the sample
obtained by FEM for an average uniform modulus or a gradient of modulus.
Fig. 10. Evolution of the stresses in the film during heating and cooling for a sealed and
non-sealed colored film (10% of initial porosity).
